Genetic alterations underlie various biological processes. Programmed gene rearrangements occur in many contexts, including the generation of diversity in the immune system (1), mating type switching in yeasts (2), and antigenic variation in microbial organisms (3). Spontaneous losses or rearrangements of genetic material in somatic cells occur frequently during the development of cancers and leukemias. Similar events occurring in the germ line can result in inherited disorders. Even infectious disease can be viewed as the alteration of the genetic content of the infected organism. Various time-consuming methods have been applied to determining the nature of the genetic changes that occur in the above situations. A single method for defining the differences between two DNA populations could, in principle, be applied to each of the above problems and lead to the discovery of the genetic basis of many types of biological phenomena. We present here a general method (representational difference analysis, or RDA) for finding small differences between the sequences of two DNA populations. The method builds upon subtractive hybridization techniques that have been used in the past to find probes for large sequence differences between two genomes.
In 1984 Lamar and Palmer applied a subtractive hybridization technique to clone probes for the Y chromosome (4). They used an excess of sheared DNA from a female to drive hybridization of Sau 3A-cleaved DNA from a male. The Y chromosome-specific DNA was free to self-anneal and was subsequently cloned after ligation into an acceptor site of a plasmid. A similar method was applied by Kunkel Duchenne muscular dystrophy and the choroidermia loci, respectively. In both cases, large deletions on the X chromosome made it possible to use subtractive hybridization techniques with DNA from affected males as "driver" and DNA from normals as "tester" (7). In general, however, subtractive hybridization techniques do not achieve sufficient enrichment of the sequences that occur only in tester (the "target") partly because of the high complexity of the human genome, which prevents effectively complete hybridization (8). Even when subtractive steps are reiterated, "target" sequences are enriched only 100 to 1000 times (9). This enrichment is insufficient for more common situations in which the magnitude of enrichment required is 106.
A second means for DNA difference enrichment has been proposed on the basis of the second-order kinetics of self-reassociation (9). In theory, this method can be applied after an initial enrichment of target sequences has been achieved by subtraction. If a population of DNA fragments containing a target subpopulation enriched n times relative to unenriched fragments in tester is melted and reannealed so that only a small proportion of double-stranded tester DNA forms, double-stranded target DNA would be present n2 times relative to the other sequences present as duplex DNA (10). We call this "kinetic" enrichment. To apply this method, it is necessary to use some kind of DNA amplification to purify the small quantities of double-stranded DNA that form away from all driver and all unreannealed tester sequences. We achieved this by ligating oligonucleotide adaptors to tester so that only doublestranded tester molecules were amplified during the polymerase chain reaction (PCR) ( 11). Subsequent reiterations of the method led to exponentially increasing enrichments of target.
In RDA, we lowered the DNA complexity of both tester and driver genomes by preparing a representative portion of each genome (a "representation"). The difference analysis of the two representations is based on simultaneous combination of subtractive and kinetic steps. The lowered complexity of the representations allowed us to achieve greater completeness during subtractive enrichment and, hence, a more effective kinetic enrichment. We now demonstrate the cloning of probes for single copy sequences present in (or absent from) one of the two genomes, and the cloning of probes for binary polymorphisms between two individuals. We discuss the applications of this approach to the discovery of probes for pathogenic organisms, for otherwise anonymous loci that have suffered genetic rearrangements, and for polymorphisms located near the genes affected by inherited disorders.
Subtractive and kinetic enrichments of PCR amplicons. We began by making representations of DNA populations that we call "amplicons"; DNA cleaved with relatively infrequent cutting restriction endonucleases was ligated to oligonucleotide adaptors, and amplified by PCR. The result was similar to a size fractionation, since after 20 rounds of amplification only low molecular size fragments, below 1 kb, were effectively amplified. The advantage of this method for representation compared to a physical fractionation is that only small amounts of starting material (less than 10 ,ug) are required. Only a subset of the whole genome was represented. However, when different restriction endonucleases were chosen, sets of amplicons that scan the genome could be made. In the following examples, we made amplicons of mammalian DNA after it underwent cleavage with Bam HI, Bgl II, and Hind III (12). We estimate the complexity of the resulting amplicons to be 55 times, 13 times, and 8 times less than the complexity of the starting genomic DNA, respectively (13).
Once tester and driver amplicons were made, their adaptors were removed by cleavage, and only tester fragments were ligated to new adaptors at their 5' ends. We then combined subtractive and kinetic steps into a single operation, the hybridization-amplification step (Fig. 1) (14) . We abandoned all use of physical separation techniques, such as biotinylation with subsequent biotin-avidin chromatography ( Acquisition (or loss) of new sequences. In the first set of stringent tests of our protocols, we added, as single copies, adenovirus or bacteriophage A DNA (or both) to a human DNA to create a model tester, and used the same DNA without viral DNA as driver. The viral DNA's were the target and we can view this model as testing the efficacy of the procedure in either of two situations: the acquisition of a pathogenic genome at a single copy of genomic DNA per infected cell; or the homozygous loss of DNA by spontaneous mutation. We prepared Bgl II amplicons from human DNA with adenovirus and X DNA's as targets ( Fig. 2A) or Hind III amplicons with A DNA as target (Fig. 2B) . If Bgl II amplicons were taken, small A and adenovirus fragments were the major difference products even after two rounds (Fig. 2A, lane a) . This represents an enrichment of more than 5 x 106 times from the starting material, and a probable enrichment of about 4 x 105 times from amplicons. There is a strong bias during amplification against fragments larger than 1.0 kbp, so that the larger Bgl II fragments of target ( Fig. 2A, lanes c and d) are not enriched.
The enrichment from Hind III amplicons was not as effective. The A Hind III fragment was greatly enriched after the third round (Fig. 2B, lane b) , but other sequences were still present. Nevertheless, after the fourth round the expected target fragment was purified to near homogeneity (Fig. 2B , lane c). We attribute this outcome to the greater sequence complexity of the Hind III amplicon. In fact, we found that without some simplification of driver complexity, our method failed. Presumably, when the complexity of the driver was too high, subtractive and kinetic enrichments were diminished and competing processes dominated.
Probes for polymorphic loci. In the experiments described above, the driver and tester were identical except for the (Fig. 3A) . A discrete but complex pattem of bands was observed in each case. After three successive hybridizations and amplifications (Fig. 3A, lanes d, h,  and 1) , difference products were cloned into plasmids. For each difference product we picked three probes for blot hybridization analysis, and found that all of them detected polymorphisms within the Amish family. We analyzed Bam HI difference products in the greatest detail (Table 2) . Of 20 randomly picked clones, 12 different classes of clones remained after removing redundancies, and the inserts from nine of these were used as probes in DNA (Southern) blots of tester, driver, and five other members of the family. All probes detected two alleles, distinguished by a large and a small DNA fragment ( Table 2 , allele size). The small allele was always present in the tester (Fig.  3B, lane b, and Table 2 , sample B) and always absent in the driver (Fig. 3B, lane c, and Table 2 , sample A). The probes detected either one of these bands in presumed homozygotes (Fig. 3B, lanes c and e) , or both bands in presumed heterozygous individuals (Fig. 3B, lanes a, b, d, f, and g) . Moreover, the blot hybridization pattem for each probe was consistent with a Mendelian pattem of inheritance. From these experiments we concluded that our method yields collections of probes for restriction endonuclease fragment polymorphisms between two individuals.
Each of the Bam HI probes derived from the above experiment was also used in blot hybridizations to amplicons from the family and ten other unrelated human DNA's extracted from cell lines or placentas (Fig.  3C and Table 2 ). Such blots detect the presence or absence of small-size Bam HI fragments in the tested DNA, and thus are more readily performed than conventional Southem blots to total genomic DNA. We found that blotting amplicons was in complete concordance with blotting of total genomic DNA, as described above, in 63 out of 63 cases (nine probes times seven individuals). The results of the amplicon blots indicate that probes capable of detecting polymorphisms within the Amish family tend to detect polymorphisms in the human population at large. We call such polymorphisms PARF's, for polymorphic amplifiable restriction endonuclease fragments.
, " i.RESEARCH ARTICLE Table 1 . Sequences of primers used for representational difference analysis. Primer set 1 (R series) was used for preparing amplicon representations, and sets 2 (J series) and 3 (N series) were used for odd and even hybridization-amplifications, respectively, The OLIGO computer program (National Biosciences) was used to check the oligonucleotide design for the absence of strong secondary structure. ?Two different small alleles were found in the human population. IITwo different large alleles were found in the human population. ND, not determined.
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The probes for PARF's are not equally abundant in the difference product. To obtain a measure of this uneveness, we hybridized each cloned Bam HI PARF to a grid of 90 individual randomly picked clones from the difference product of the two siblings, and its frequency in the collection was determined (see percentage value in Table 2 ). Of 90 randomly picked elements, only 20 distinct polymorphic probes were present, and at very different frequencies. We estimate that there should be of the order of 1000 Bam HI PARFPs between two individuals. The uneven distribution of PARF's in our difference products probably reflects the specific conditions used in our protocol, which was designed for the detection of a small number of differences between two nearly identical genomes. We found that, where probes for polymorphic loci were deliberately sought, more representative difference products could be generated by diminishing the number of rounds of hybridization and amplification, increasing the complexity of the representation or decreasing the total number of PCR cycles.
Applications to pathogen discovery. In principle, RDA can be used to isolate probes for pathogens when DNA from infected tissue is compared to DNA from uninfected tissue from the same individual. We have demonstrated this in the model case of the acquisition of a large (30 to 50 kbp) viral genome even with a single copy per cell. Probes for smaller viral genomes should also be detectable, but might require several applications of this procedure with several different restriction endonucleases in order to find fragments from the viral DNA that are readily amplified. As it is now described, RDA cannot reasonably be expected to detect probes for pathogens that are present at less than one copy per ten cells in infected tissue. The kinetic enrichment component would select against target sequences considerably when they are present at concentrations lower than other tester sequences. However, procedures for "normalization" These restraints do not apply to the detection of genomic rearrangements. Genomic rearrangements, including translocations, insertions, inversions, and deletions, may result in the creation of new restriction endonuclease fragments "bridging" the site of the rearrangement (Fig. 4) . Some of these bridging fragments may be amplifiable by PCR (fragment BC in Fig. 4A ). Such bridging fragments would be discoverable by RDA when DNA from the tumor is used for preparation of tester amplicons and DNA from normal tissue of the same individual is used for preparation of driver amplicons.
The different-sized restriction endonuclease fragments created by genomic rearrangements can potentially be exploited another way. Fractionated size classes from tumor DNA digests may sometimes contain sequences that are not present in comparable size classes from normal DNA (Fig. 4) . With the former as tester and the latter as driver, we can prepare amplicons after cleavage with a second restriction endonuclease and compare these in order to clone amplifiable restriction endonuclease fragments in proximity to the point of genetic rearrangement. Many genetic diseases of progeny occur as a consequence of spontaneous germline genomic rearrangements in the gamete of one of the parents. The genome of the affected individual will in all probability have acquired restriction endonuclease fragments that are not present in the somatic cells of either parent. This situation is formally analogous to genetic rearrangements occurring in cancer cells (Fig. 4) . In these special cases, RDA might be applied directly to the isolation of probes close to the sites of genetic abnormalities by taking DNA from the individual as tester and pooled DNA's from parents as driver.
Programmed rearrangements in somatic cells may also be discovered by RDA. Such events, for example, occur during the generation of diversity of the immune system (1), and have also been postulated during development of the nervous system (22). In principle, our method could be applied to the discovery of probes that detect these events. Finally, RDA may have special applications for the study of organisms that can be bred. Multiple backcrossing of a mutant strain to a polymorphic strain could lead to the identification of clonable restriction endonuclease polymorphic fragments tightly linked to the mutant locus.
Cautions. The data obtained with our protocol were highly reproducible; the same bands and even their relative intensities were obtained in multiple independent runs. Application of any new technique requires awareness of possible sources of artifact. One clear source can be PCR itself, because of the ease with which previous PCR products can contaminate reactions. Moreover, PCR products present after subtraction and enrichment do not necessarily reflect effective enrichment of target and may result from the stochastic nature of the process itself (9). Therefore each candidate difference product must be tested for its presence or absence in tester and driver amplicons. Another source of artifact can be anticipated during tissue sampling. Normal flora contaminating a specimen of tester will be readily enriched during difference analysis if that flora are not also present in driver. Other sources of artifact can be readily imagined. For example, we do not know to what extent we may find programmed genetic rearrangements specific for certain tissues or organs. We also do not know the extent of genetic mosaicism in somatic tissues, the result of spontaneous genetic events occurring during early development. Even so, application of RDA should provide an economical route to solving many types of genetic problems.
